Introduction
Temozolomide (Tem) has been used as the main chemotherapeutics for malignant glioma for decades, but its clinical application is hampered by the emerging resistance, which subsequently leads to recurrence of primary tumor. 1 Moreover, unavoidable side effects of Tem, including nausea, vomiting, loss of appetite, diarrhea, skin rash, hair loss, tiredness, dizziness, blurred vision, insomnia, and headache, also constrain its clinical use. 2 Therefore, there is a pressing need to develop a strategy to improve the efficacy and reduce the toxicity of Tem.
Herbal medicines have been reported for their potential in the therapy of many cancers. 3 Resveratrol (3,5,4′-trihydroxy-trans-stilbene) has been proved to be effective in inhibiting the growth of several types of tumor, such as colon, breast, pancreas, prostate, ovarian, and endometrial cancers, as well as lymphoma. [4] [5] [6] [7] Some previous studies also demonstrated the role of resveratrol (Res) in sensitizing tumor cells to the conventional chemotherapy, including enhancing the cytotoxicity of Tem against glioma cells. [8] [9] [10] [11] [12] [13] However, hydrophobicity and poor solubility of Res severely limit its clinical application.
Previous studies have demonstrated the superiority of drug-loaded nanoparticles with amphiphilic copolymer as drug carriers (eg, methoxy poly(ethylene glycol)-poly epsilon caprolactone [mPEG-PCL]). [18] [19] [20] [21] [22] The hydrophobic part of the copolymers (PCL) is effective to encapsulate the insoluble drugs as the inner core of the nanoparticles, while the hydrophilic part (PEG) could be the outer shell with the capability to help the nanoparticle escape from the scavenge of reticuloendothelial system. 23 Moreover, previous studies have demonstrated the effectiveness of delivering multiple drugs simultaneously, which provides the possibility to codeliver Res and Tem in amphiphilic copolymer nanoparticles. 19 Most importantly, the synergistic antitumor effect of Res and Tem could also be achieved when they are delivered simultaneously by nanoparticles.
In the current study, Res and Tem were coencapsulated into mPEG-PCL nanoparticles. Then, the Tem/Res-coloaded nanoparticles (T/R-NPs) were characterized for the particle size and zeta potential. Cellular uptake study was conducted in order to evaluate the uptake efficiency by glioma cells. Antitumor effect was evaluated in glioma cells and xenograft model of nude mice. The purpose of the current study was to provide a feasible strategy to enhance the antiglioma effect of Tem by administering Res simultaneously in a nanoparticlebased drug delivery system.
Materials and methods Materials
Res was purchased from Sigma Chemical Co. (St Louis, MO, USA). Tem was a gift from Tasly Pharmaceutical Co. Ltd. (Tianjin, People's Republic of China). mPEG (molecular weight [MW] =4 kDa) and ε-caprolactone were purchased from Sigma Chemical Co. 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) was a product of Roche Company. Coumarin-6 was purchased from Sigma Chemical Co. Primary antibodies (ie, anti-p-Akt, antiAkt, anti-Bax, anti-Bcl-2, and anti-Caspase-3) and secondary antibodies were purchased from Cell Signaling Technology. Anti-actin was purchased from Sigma Chemical Co. All other reagents used were of analytical grade.
Methods synthesis of mPeg-Pcl block copolymer and preparation of T/r-NPs mPEG4k-PCL20k block copolymers were synthesized as reported in some previous studies. 20, 21 T/R-NPs were prepared by a nanoprecipitation method with different feeding ratios as described previously with some modifications. 19 For example, in 1:1 feeding ratio, 5 mg Res and 30 mg polymer powder were dissolved in 500 μL acetone; 5 mg Tem was dissolved in 10 mL water (55°C). Then, the organic phase of 500 μL Res and polymer solution in acetone was added drop-wise into 10 mL Tem solution in water. The solution was placed into a dialysis bag (molecular weight cutoff [MWCO] =12,000 Da) in order to remove acetone thoroughly. After 4-h dialysis of changing outside medium for every 30 min, the solution was filtered through a 220-nm filter to remove unloaded drugs and polymer aggregates. Fluorescent nanoparticles with coumarin-6 as a fluorescent marker were prepared by adding coumarin-6 and Res together into the acetone. Then, T/R-NPs solution was lyophilized with poloxamer 188 as a cryoprotectant for in vitro and in vivo use.
characterization of T/r-NPs
Mean diameter and size distribution of nanoparticles before lyophilization were dissolved in double-distilled water and measured by dynamic light scattering using a Brookhaven BI-9000AT instrument (Brookhaven Instruments Corporation, Holtsville, NY, USA). Zeta potential of nanoparticles was measured by the laser Doppler anemometry (Zeta Plus, Zeta Potential Analyzer; Brookhaven Instruments Corporation).
Drug loading efficiency
The concentrations of Res and Tem were measured by using high-performance liquid chromatography (HPLC) on a Shimadzu LC-10AD (Shimadzu, Japan) with an ultraviolet (UV) detector and an Agilent C-18 analytical column. 7, 24 The mobile phase for Tem was methanol/0.5% acetic acid (20:80, v/v) . The pump rate was 1.1 mL/min, and the retention time was 3.682 min. The wavelength of 330 nm was used to determine the concentration of Tem. The mobile phase for Res consisted of methanol (spectral grade, Merck, Germany)/ double-distilled water/glacial acetic acid (48/52/0.05, v/v/v) and was pumped at a flow rate of 1.0 mL/min with the retention time of 5.855 min at a wavelength of 303 nm. The concentration of each drug was calculated based on the peak area with reference to a calibration curve.
The drug loading content and encapsulation efficiency of the nanoparticles were calculated as follows: Then, the cell pellets were dissolved in 1 mL methanol, vortexed, and sonicated. The cell suspension was centrifuged at a speed of 10,000 rpm, and the supernatant was transferred to an Eppendorf tube. Then, the supernatants were detected by using a fluorescent spectrometer at an excitation wavelength of 458 nm and an emission wavelength of 540 nm.
In vitro cytotoxicity and isobologram analysis
The synergy of both the drugs was analyzed by using isobologram analysis as reported previously. 25 Cytotoxicity of each drug was determined by XTT assay. Cells were seeded in 96-well plates with a density of 5,000 cells/well. Cells were allowed to adhere for 24 h to form monolayer. Then, the concentration of Res was fixed at 2 and 4 μg/mL and Tem was treated at a series of concentrations (ie, 4, 8, 16, 32, 64, and 128 μg/mL). For the XTT assay, U87 cells were exposed to different concentrations of Res and Tem alone or in combination for 48 h. After treatment, media containing drugs were discarded, and fresh medium with XTT was added into the wells. Absorptance was measured after 18 h by using a UV/visible spectrometer with a wavelength of 490 nm.
Combination index (CI) was calculated by using the following equation:
R is the concentration of Res which can produce 50% of cell death alone, whereas dR is the concentration of Res which leads to 50% cell inhibition with the combination of Tem. D 50 T is the concentration of Tem which can produce 50% of cell death alone, whereas dT is the concentration of Tem which leads to 50% cell inhibition with the combination of Res. CI value ,1 is defined as synergism, and CI value .1 is defined as antagonism. The addition is defined when the CI value =1.
The concentration used in in vitro studies was according to the isobologram results and was achieved by the mixture of T/R-NPs with different feeding ratios.
apoptotic induction
To quantify the apoptosis rate, U87 cells were treated with different agents and stained with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide by using the annexin V-FITC kit (eBioscience Inc., San Diego, CA, USA). Then, the cells were analyzed by using FACScan flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
Protein expression
U87 cells were treated with either singly or in a combination of Res and Tem, as well as codrug loaded nanoparticles (T/R-NPs) for 6 h. The concentrations of Res and Tem were 4 and 12 μg/mL, respectively. Protein expressions were determined by Western blot as reported previously. 18 The primary antibodies were anti-p-Akt, anti-Akt, antiBcl-2, anti-Bax, and anti-actin. The secondary antibodies were selected according to the origin of primary antibodies. Bands were analyzed by using Densitometric Image Analysis Software (Quantity One, Bio-Rad, Hercules, CA, USA).
Wound healing assay
Cell migration was evaluated by wound healing assay as described previously. 18 Briefly, U87 cells were seeded in 6-well plates and allowed to grow for at least 24 h to 80%-90% confluent. After cells were serum-starved for 12 h, a vertical clear space was made by the scratch of pipette tip, and the cells were pictured at this time point (designated as 0 h). After 24 h of treatments of different agents, cells were photographed again in the same field. Then, the pictures were superposed in Photoshop (Adobe Systems Incorporated, San Jose, CA, USA), and areas were measured by using Scion Image Analysis Software (Scion Corporation, Frederick, MD, USA). The cell migration rate was calculated according to the following formula: (the average area of the wound at 0 h − the average area of the wound at 24 or 48 h)/the average area of the wound in 0 h. Xu et al In vivo study
Nude mice (aged 6-8 weeks) weighing 18-20 g were purchased from the Animal Experiment Center of Nanjing Medical University. The mice were reared under specific pathogen-free circumstances. The in vivo animal studies were executed in full compliance with the ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments) for cancer study approved by the Animal Care Committee at Nanjing Medical University (Nanjing, People's Republic of China). U87 cell suspension (100 μL) at a density of 1.5×10 6 cells were injected subcutaneously into the left axillary space of the mice. When the tumor grew to a size of 70-80 mm 3 after 10-14 days, the mice were treated with different agents intraperitoneally (IP). The dose of Res was 10 mg/kg, whereas the dose of Tem was 30 mg/kg. T/R-NPs were administered at the equivalent doses of free Res and Tem. All the mice were ear-tagged. Tumor volumes were measured every other day during the 2-week experiment. Tumor volume was calculated by using the equation, (W 2 × L)/2, where W is the tumor measurement at the widest point, and L is the tumor dimension at the longest point. Relative tumor volume was calculated by the formula (V n /V 0 ), where V n is the tumor volume measured at the corresponding day, and V 0 is the tumor volume measured at Day 0. Mice were weighed before the drug treatment so that the dosage could be adjusted to achieve the mg/kg amounts reported. Animals were also weighed thrice a week (on alternate days) throughout the experiment.
statistical analysis
All the data in this manuscript are expressed as mean ± standard deviation of three independent experiments. Statistical comparisons of relative groups were based on Student's t-test or one-way analysis of variance with Statistical Package for Social Sciences software, Version 11.5 (IBM Corporation, Armonk, NY, USA). The data were considered significant at P=0.05.
Results
Characterization, loading efficiency, and in vitro release of T/r-NPs
As shown in Figure S1 , the solubility of Tem was very poor in regular water (20°C-30°C) at a concentration of 250-630 μg/mL, whereas it increased greatly to .3 mg/mL in hot water (50°C; Figure S1 ), which made it possible for nanoparticle encapsulation. However, as shown in Figure 1A , T-NPs were extremely unstable during the preparation process. It precipitated immediately after the organic phase was removed by dialysis. In contrast, coencapsulation of Res in Tem-loaded mPEG-PCL nanoparticles greatly increased 
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anti-glioma effect of codrug delivery system the stability of the nanoparticles, which was limpid and bluish solution with no aggregates.
DLS indicated that the size of T-NPs was .10 μm, whereas the average size of T/R-NPs with a feeding ratio of 1:1 was ~135.3±5.6 nm ( Table 1 and Figure 1B ). Zeta potential of T/R-NPs was slightly negative with a value of −3.4±0.6 mV, which was similar to that of empty NPs (Table 1) . Moreover, T/R-NPs were very stable at a room temperature during the following 8 days after they were made ( Figure 1C) . Figure S2 shows the data from HPLC of both Res and Tem. The retention times for Tem and Res, respectively, were 3.682 and 5.855 min with no overlap, making it feasible for detection. As shown in Table 1 , by varying the feeding ratio of each drug and the polymers, the highest drug loading content was 12.4%±2.3% (Res) and 9.3%±1.5% (Tem) at the feeding ratio of 1:1, respectively ( Figure S3) , with the encapsulation efficiency of both the drugs being .80%. Figure 1D shows an in vitro release pattern for each drug. Both the drugs were released from the nanoparticles in a sustained manner. There was a burst release of each drug during the first several hours, followed by a controlled release in the rest period.
Evaluation of cellular uptake efficiency of T/r-NPs by glioma cells
A lipophilic dye, coumarin-6, was coloaded into T/R-NPs and used as a nanoparticle tracer. The upper and central panels of Figure 2 were the CLSM and a fluorescent image of glioma 
34
Xu et al cells incubated with T/R-NPs for 2 h, respectively. Green fluorescence generated by coumarin-6 indicated the cellular distribution of T/R-NPs. As indicated by the fluorescence, T/R-NPs were mainly located in the cytoplasm with little in the nucleus.
Quantitative analysis was conducted by a fluorescent spectrometer. The lower panel in Figure 2 shows the uptake efficiency of coumain-6-loaded T/R-NPs when incubated with cells for different time periods. It is noted that the uptake efficiency increased in a time-dependent manner during the first 2 h. For instance, the uptake efficiency was ,40% after incubation for 30 min, whereas it increased steadily to ~70% when the incubation time was extended to 2 h. However, 3 h of incubation did not increase uptake efficiency further.
Determination of in vitro cytotoxicity and apoptotic induction
Blank nanoparticles were nontoxic to glioma cells with the highest concentration tested (500 μg/mL), which is much higher than the dose of T/R-NPs applied to cells ( Figure S4 ). As shown in Figure 3A and B, both Tem and Res inhibited the growth of glioma cells in a dose-dependent manner. The half maximal inhibitory concentration values of Tem and Res were observed to be 113.3 and 8.33 μg/mL, respectively. An isobologram analysis was conducted to evaluate the synergistic cytotoxicity of Tem and Res. The CIs were determined at two doses of Res (2 and 4 μg/mL) combined with a series of concentration of Tem ( Figure 3C ). The isobologram analysis showed the CI value of 0.86 when 2 μg/mL Res was combined with Tem. Moreover, the combination of 
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anti-glioma effect of codrug delivery system 4 μg/mL Res and Tem generated a lower CI value of 0.58. Therefore, both 2 and 4 μg/mL Res synergistically enhanced the cytotoxicity of Tem keeping the CI values ,1.
Apoptotic induction of T/R-NPs was determined by fluorescence-activated cell sorter (FACS; Figure 3D and E). It is noted that the apoptosis rate of glioma cells induced by T/R-NPs was .60%, which was the highest among all the groups. The equivalent dose of Tem or Res led to an apoptosis rate of 6.3% and 14.6%, respectively. The combination of the two drugs resulted in an apoptosis rate of ~40%, which was significantly lower than that induced by T/R-NPs.
effect of T/r-NPs on the expression of related proteins
In order to elucidate the possible mechanism underlying superior anticancer effect of T/R-NPs, Western blot was performed to evaluate the influence of drugs on related proteins. As shown in Figure 4A , a single treatment of Res (4 μg/mL) or Tem (12 μg/mL) almost had no inhibition on the phosphorylation of Akt proteins. In contrast, cotreatment of Res and Tem at the equivalent doses induced ~30% reduction of p-Akt expression. Moreover, cotreatment of Res and Tem in nanoparticles (T/R-NPs) significantly decreased the expression of p-Akt.
The expression of apoptotic proteins in U87 cells when exposed to the equivalent dose of free drugs and drug-loaded nanoparticles ( Figure 4B ) was further examined. T/R-NPs were the most effective to attenuate the expression of antiapoptotic protein Bcl-2 and increase the expression of the proapoptotic protein Bax. The Bcl-2/Bax ratio was observed to be the lowest when compared to the corresponding group treated by the combination of Tem and Res at the equivalent doses, demonstrating the strongest efficiency of apoptotic induction by T/R-NPs.
effect of T/r-NPs on cell migration and invasion
Wound healing assay was performed to evaluate the ability of migration of U87 cells. Res at the concentration of 4 μg/mL exhibited no obvious inhibition of the migration of U87 cells, whereas 12 μg/mL led to a decrease of wound healing rate of ~25% ( Figure 5 ). Moreover, a drop of ~35% in the healing rate was achieved when U87 cells were treated with free drug combinations. Most importantly, T/R-NPs exhibited the strongest antimigration effect with a wound healing rate being only 30%, which was significantly lower than the rate of the drug combinations.
In vivo study of T/r-NPs in a xenograft model
In vivo antitumor effect of T/R-NPs was evaluated by using a U87-xenograft nude mice model. Res was administered at a lower dose of 10 mg/kg, whereas Tem was injected at a dose of 30 mg/kg IP. The drug combination of Res and Tem was administered at both equivalent doses. The T/R-NPs were also injected IP at the equivalent doses. As shown in Figure 6 , Res had no obvious antitumor effect with the tumor volume almost similar to the control group, whereas Tem showed moderate tumor delaying efficacy (P=0.042 vs control). Coadministration of Tem and Res showed a stronger effect when compared to control (P=0.033 vs control). However, there was no significant difference between Tem-treated group and Tem/Res-treated group (P=0.065). Most importantly, codelivery of both the drugs in nanoparticles significantly increased the anticancer efficacy than that of free drug combinations (P=0.033 vs the corresponding group). In order to predict the adverse effects of the different therapy regimens, the body weight variations were analyzed. All the experimental groups showed favorable results without any significant weight loss even at the highest administered dose ( Figure 6B ).
Discussion
There is no curative intervention available for patients suffering from a glioma. 26 Side effects and the poor survival outcome of the currently available drugs have driven researchers to look for new strategies to improve the longevity of the glioma patients. Cotreatment of Tem and Res was demonstrated to generate a significantly stronger antitumor effect than either single or combinational administration of both the drugs through CI analysis, which laid a strong foundation of the codelivery of both the drugs for glioma therapy. 8 In the current study, Res was employed as a chemosensitizer to synergistically enhance the antitumor effect of Tem. However, poor solubility of Res remained a big hurdle for the potential clinical application. 27, 28 The use of nanotechnology was exploited to address the issue of solubility and improve the kinetics. In the previous reports, Res-loaded nanoparticles with mPEG-PCL as drug carriers were prepared, and the superior efficacy against free Res was proved, demonstrating the advantage of nano-drug delivery systems. 7, 14, 15 In the present study, in order to improve the solubility and achieve the better antitumor effect of combinational administration of Tem and Res, mPEG-PCL polymeric nanoparticle-based drug delivery systems were utilized to coload both the drugs. Our preliminary results showed that Tem-loaded mPEG-PCL nanoparticles were highly unstable, whereas the addition of Res significantly 
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anti-glioma effect of codrug delivery system increased the stability of Tem-loaded nanoparticles. This observation further strengthens the application of Res/Temcoloaded nanoparticles for the glioma tumor.
As reported in the present study, the stability of coencapsulation of Res and Tem in mPEG-PCL nanoparticles not only provided the possibility of codrug delivery through nano-drug system but also preserved the synergistic antitumor effects of both the drugs. The FACS data ( Figure 3 ) revealed that there is significantly higher apoptotic induction in U87 cells treated with T/R-NPs than with the combination of free drugs. These results were further correlated with the inhibition of cell migratory ability in the T/R-NPs treatment group.
The possible mechanism of action underlying the synergistic effect at a molecular level was investigated. The phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway is essential for the growth and proliferation of cancer cells, which is constitutively activated in a series of cancer cells. 29 As reported in a previous study, the hyperactivation of the Akt survival pathway is important to the resistance of cancer cells including glioma. Inhibition of PI3K/Akt/mTOR pathway is effective in overcoming the therapy resistance of cancer cells. 30, 31 The inhibition of p-Akt expression, followed by the caspase 3-dependent apoptotic induction, was observed, which was characterized by the downregulation of antiapoptotic protein Bcl-2 and upregulation of the proapoptotic protein Bax in the T/R-NPs treatment group. These results corroborated with the previous studies where Res had been shown to enhance the cytotoxicity of Tem through AMPK-TSC-mTOR signaling pathway, leading to mitotic catastrophe and senescence. 8, 10 Most importantly, it was observed that drug-loaded nanoparticles were much more effective in regulating the expression of related proteins than the corresponding dose of the free drug combination, which may be attributed to the efficient uptake of nanoparticles by glioma cells. As reported previously, cellular uptake of nanoparticles was more efficient than the diffusion of free drugs. 32 The present strategies were validated by using the U87-xenograft model system. In the same line, the present in vivo study demonstrated the superior tumor growth delaying the effect of T/R-NPs as compared to free drug combination or single drug treatment group alone.
Conclusion
In summary, the current study is the first demonstration of simultaneous codelivery of Res and Tem in mPEG-PCL nanoparticles with excellent antiglioma effect. Res improved the stability of Tem in the mPEG-PCL nanoparticles. The coloaded nanoparticles exhibited reinforced cytotoxicity and 
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Xu et al tumor delaying effect in glioma cells and xenograft models. Inhibition of the p-Akt expression leading to tumor cell death is the plausible mechanism of action of these combination drugs. Although further study is required to investigate the probable mechanism of action of these combination drugs, however, these coloaded nanoparticles have the potential to counter the spread of malignant glioma and may shed light on the fight of glioma cells that are resistant to Tem. 
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